Summary. Even though chemical processes related to the corrosion of spent nuclear fuel in a deep geological repository are of complex nature, knowledge on underlying mechanisms has very much improved over the last years. As a major result of numerous studies it turns out that alteration of irradiated fuel is significantly inhibited under the strongly reducing conditions induced by container corrosion and consecutive H 2 production. In contrast to earlier results, radiolysis driven fuel corrosion and oxidative dissolution appears to be less relevant for most repository concepts. The protective hydrogen effect on corrosion of irradiated fuel has been evidenced in many experiments. Still, open questions remain related to the exact mechanism and the impact of potentially interfering naturally occurring groundwater trace components. Container corrosion products are known to offer considerable reactive surface area in addition to engineered buffer and backfill material. In combination, waste form, container corrosion products and backfill material represent strong barriers for radionuclide retention and retardation and thus attenuate radionuclide release from the repository near-field.
Introduction
Up to 445 000 t of used nuclear fuel from the generation of electricity by nuclear fission are forecasted to accumulate until 2020 [1] . Presently, the vast majority of this high level waste kept in interim storage facilities is irradiated UO 2 (s). While the waste amounts normalized to the produced energy are quite low, the high level in radiotoxicity calls for careful treatment and disposal. Only about one third of the worldwide existing used nuclear fuel goes to reprocessing in order to separate U and Pu and to vitrify residual fission products and minor actinides. A number of countries, among those Sweden, Finland, Switzerland and Germany, have decided to directly dispose of irradiated UO 2 (s), denoted as Spent Nuclear Fuel (SNF). There is international consensus that *Author for correspondence (E-mail: horst.geckeis@kit.edu).
The corresponding author is a member of the Editorial Advisory
Board of this journal. Editor disposal in geological formations, such as crystalline rock, clay rock and rock salt, represents the safest way to isolate the high level waste from the biosphere. Transport via the groundwater pathway holds as the most relevant mechanism for a potential radionuclide release from the repository and migration towards the biosphere. During the last decades, knowledge on radionuclide behaviour in the near-and farfield of a tentative SNF repository has clearly improved. This is well documented in numerous publications in Radiochimica Acta, where a significant fraction appeared in proceedings papers presented at international MIGRATION conferences. Initial investigations focused on the leaching behaviour of individual radionuclides from SNF under various groundwater conditions in order to derive a kinetic source term applicable to performance assessment modeling [2] . Even though "near-field chemistry" is rather complex, understanding on underlying chemical processes has advanced. The corrosion of waste forms is mainly determined by temperature, groundwater chemistry, radiolysis, and the impact of chemical gradients imposed by fuel and container corrosion and reactions with backfill material. Radionuclide concentrations in the near-field are determined by complexation with groundwater constituents, the solubility of secondary solid phases and temporarily by coupled reaction kinetics and groundwater transport. International concepts rely to a large extent on the enclosure capabilities of the geological barrier in combination with technical and geotechnical barriers. In this context, a clear identification and quantification of radionuclide retention processes in the near-field in case of water access is required. The present paper focuses on progress made concerning insight in chemical near-field reactions of commercial spent UO 2 fuel. Before discussing the experimental studies it is necessary to shortly describe the expected geochemical conditions in the nearfield of a deep underground SNF repository.
Overview on relevant properties in the near-field of a geological repository
Many countries have initiated research programs to identify suitable geological formations and select potential repository sites for disposal of SNF in a depth of 400 to 1000 m (e.g. [3] [4] [5] [6] [7] ). Besides geological, hydrological, seismic and rock mechanic characteristics of a host formation, its geochemical characteristics determine whether the formation is suitable for disposal of spent nuclear fuel [8] . The selection of potential formations varies among the countries. Depending on the diversity of geological formations present in the countries, crystalline rocks such as granitoids, sedimentary rocks such as plastic or indurated argillites and rock salt complexes are considered. Different engineered barriers have been developed, comprising thick-walled containers for SNF, overpacks, buffer/backfill and plugging materials for the specific requirements defined by the respective geological formations. Detailed descriptions of international final disposal concepts have been presented in recent reviews [9] [10] [11] [12] . In the next paragraphs the main characteristics of the various engineered barriers systems for SNF are briefly summarized. In the United States of America, a repository for final disposal of SNF situated within the Yucca Mountain ridge of volcanic tuff was planned. Since the Yucca Mountain Project was halted in March 2010, this disposal system above the groundwater level under oxic conditions is not dealt with in the following.
Near-field engineered barrier materials
Presently, final disposal in granite, granodiorite or metamorphic bedrocks is under investigation in Canada, Finland, and Sweden, and is also considered by Argentina, China, Czech Republic, Germany, India, Japan, Russia, South Korea and Spain. The Swedish KBS-3 [13, 14] is the most advanced final disposal concept for a crystalline rock formation, and the Finnish and Canadian concepts show great similarities with KBS-3. According to these concepts, SNF will be stored at a depth of about 500 m. Granitoid rock complexes are fractured to some extent and discrete migration pathways will exist therein. Therefore, a cylindrical copper-lined nodular iron (a kind of cast iron) container acts as the main barrier to potential radionuclide release. It is foreseen to embed the container within bentonite, a smectite rich buffer/backfill material, in order to decouple hydraulically the container from the host rock, to prevent the access of groundwater to the container and to provide a significant sorption capacity for radionuclide retention (e.g. [15, 16] ). Argillaceous formations are chosen to limit porewater access and solutes migration to slow diffusive transport processes. Due to the high content of smectites and other phyllosilicates, these rocks are characterized by a high sorption and buffer capacity. In Belgium final disposal in plastic clay rocks is investigated, whereas indurated clay rocks are under investigation in France and Switzerland. The latter option is also considered in Argentina, Germany and Spain. The Belgian so-called "Supercontainer" engineered barrier system comprises of containers of SNF assemblies in carbon steel overpacks, which are surrounded by an overpack of a Portland cement concrete buffer and an outer stainless steel envelope [9, 17] . The Swiss disposal concept envisions storage of SNF assemblies in carbon steel overpacks, which will be surrounded by bentonite buffer/backfill material [18, 19] . In France a similar concept has been developed but as the reprocessing technology has been implemented, the primary route is disposal of vitrified high level waste [20] .
Disposal of spent nuclear fuel in salt domes and bedded rock salt formations is considered as one option in Germany [12, 21] and discussed as an alternative to the Yucca Mountain Project in the United States of America. Undisturbed rock salt structures are relatively impermeable and virtually free of mobile water; brine reservoirs found within such a salt complex have an almost insignificant volume and do not have any contact to the groundwater in the non-saline geosphere. In Germany, an advanced concept for SNF disposal in rock salt has been developed and examined with respect to safety aspects. The reference concept is based on the so-called POLLUX ® container consisting of a stainless steel inner cask and a thick-walled outer cast iron cask to provide shielding. It is planned to use crushed rock salt as backfill and Mg-oxychloride based concrete as plugging materials [22] .
Groundwater compositions
The long-term safety of any of these final disposal systems depends mainly on the extent of interactions of aqueous solutions with the components in the near-field of the waste products. Potential sites for deep underground repositories are characterized by slow water movement or stagnant conditions. The stability of the engineered barrier, of spent nuclear fuel in particular, and the behaviour of mobilized radionuclides depend directly on the composition of the contacting aqueous solution. Beside the influence of the major solution constituents, the effect of HCO 3 − and other minor components is of high concern with respect to complexation of radionuclides and their solubilities.
Formation water compositions have been derived from exploration bore holes and underground research laboratories in granitoid plutons and rock salt complexes ( [23] [24] [25] [26] [27] and references therein), by means of laboratory leaching and squeezing techniques to extract porewater samples from claystones and bentonites [28] [29] [30] . Examples for formation water compositions are presented in [11, 31] . Due to the high residence times of the formation/pore water in the considered bedrocks, the natural solutions are close to saturation with respect to the primary rock-forming minerals or fracture filling materials [31] . At a depth of several hundred meters, investigated argillaceous and granitic type formation waters are Na + /Cl − type solutions, characterized by anaerobic conditions and a pH in the range of 7 to almost 9. (Alteration of cement in case of the Belgian "Supercontainer" concept is expected to provide highly alkaline near-field conditions). Low ionic strength (I < 0. 
Geochemical conditions in the near-field
Chemical reactions of the formation water with the host rock, the engineered barrier materials and the spent nuclear fuel itself will alter the water composition and thereby affect the SNF stability and the consecutive radionuclide release. Both kinetic and thermodynamic constraints of alteration reactions of the fuel, container and overpack material as well as radionuclide mobilization and retention depend strongly on the variation of temperature with time. The temperature evolution in the near-field is defined by the radioactive decay of the radionuclides in the waste product, the heat transfer through the walls of container and waste product overpack, the heat conductivity of the backfill and host rock, as well as the spatial dimensions of the emplacement rooms. Peak temperatures are expected to be achieved within decades, reaching values above 100
• C in rock salt repositories (e.g. [22, 35] ) and significantly below 100
• C in repositories in granitoide rocks (e.g. [36] ).
Among the various reactions of formation water with the components in the vicinity of the waste, oxidative dissolution (corrosion) of the iron based container material is the key process influencing the radionuclide behaviour in the near-field. In all concepts for final disposal of SNF in deep geological repositories, corrosion of the steel or copper-lined iron [37] containers, failure of containers and water contact with the fuel assemblies are considered [9, 35, 38, 39] . Within few years after closure of a SNF repository, the oxygen content in the backfilled emplacement rooms will be consumed by reactions with the container materials and reducing minerals; additionally biotic respiration/ redox reactions are considered [40] [41] [42] . total Pu concentration); thermodynamic data from the group of Altmaier et al. [46, 47] for 0.1 mol L −1 NaCl and 25
Both at the container/backfill material contact zone and inside a failed SNF container, anaerobic iron corrosion will produce dissolved Fe(II) species, Fe(II)/Fe(III) phases and molecular hydrogen according to Eqs. (1) and (2):
These corrosion reactions establish redox potentials close to -in the long term below -the water stability limit (Fig. 1 [43, 44] . Hydrogen produced in the Fe corrosion reaction remains dissolved at considerably high concentrations as long as the pressure built-up in the disposal site does not exceed a minimal principal stress which is defined by the specific geological setting (i.e. hydrostatic or lithostatic pressure, respectively). Container corrosion will certainly commence prior to or at the same time as the contact of the solution with the radionuclide containing waste forms within the containers. Consequently, dissolved radionuclide species will interact with iron (hydr)oxide minerals.
Alteration of spent nuclear fuel and radionuclide release under repository conditions
Most commercial nuclear fuels used in Light Water Reactors have an initial enrichment of 3 to 5% 235 U. So-called mixed-oxide fuel, MOX, contains 5 to 10%
239 Pu (originating from reprocessing of irradiated UO 2 fuel) mixed with uranium. Fuel assemblies are rods composed of cylindrical pellets of polycrystalline UO 2 (s), which are stacked in tubes of zirconium alloy cladding materials. The pellet diameter is in the order of 1 cm; larger pellets are used for fuel rods in Boiling Water Reactors than in Pressurized Water Reactors. The pellet height is in the range of 1 to 2 cm for fuels of both reactor types [48] . During nuclear reactor operation the UO 2 fuel is subject to intensive transformations due to the fission reactions, the consecutive neutron capture and decay reactions as well as temperature induced transformations (e.g. swelling, cracking, diffusion and segregation). After discharge of the fuel from the reactor, the composition of the SNF continues to change with time mainly due to the decay reactions, followed by changes in the thermal and radiation fields. Presently, irradiated fuels with typical burn-ups (BU) of 35 to 45 MW d/(kg UO 2 ), contain about 95 wt % of UO 2 (mainly 238 U, remaining 235 U and 236 U produced from 235 U by neutron capture; e.g. [49, 50] ). Despite their relatively low content, certain transuranium elements and fission products are highly important with respect to the safety of SNF disposal. In addition to radionuclides in the SNF itself, activation products are present in the cladding. The very intense radiation field of fresh SNF is dominated by short-lived β-and γ -emitters, such as 85 Kr, 89 Sr, 90 Sr/ 90 Y, 91 Y, 95 Zr/ 95 Nb, 106 Ru/ 106 Rh, 125 Sb, 134 Cs, 137 Cs/ 137m Ba, 144 Ce/ 144 Pr, 147 Pm, and 154, 155 Eu. After few hundreds of years most of the β-and γ -emitters will have decayed, and α-emitters ( 238,239,240 Pu, 241,243 Am, 242,244 Cm) will dominate the radiation field. The temperature range in the fuel rod decreases from above 1100
• C during reactor operation to some 300
• C during an interim storage period to below 100
• C for thousands of years in the repository. Detailed descriptions of the radionuclide distribution in spent nuclear fuel and the radiochemical properties are given for instance by Kleykamp [51] , Carbol et al. [11] and Neeb [49] .
Dissolution experiments simulating the contact of aqueous solution with SNF demonstrated clearly that the release of radionuclides from the fuel is strongly affected by their spatial distribution among (i) the pellet/ cladding gap region, (ii) grain boundaries, (iii) UO 2 grains/the UO 2 fuel matrix and (iv) in the high burn-up structures/the rim region [50, [52] [53] [54] . The alteration of the spent nuclear fuel and the release of radionuclides involve the combination of many different processes, which can be grouped into two stages: -Fast release of radionuclides at the time of waste package failure. The fraction of quickly released radionuclides is generally referred to as the Fast/Instant Release Fraction (IRF). -A much slower, long-term radionuclide release that results from the alteration and dissolution of the UO 2 fuel matrix. The reactions of the UO 2 fuel matrix with water are driven both by radiolytic processes and by a thermodynamic affinity effect. In the following (radio-)chemical properties of SNF, radiolytic reactions in the fuel rod's close vicinity, UO 2 fuel alteration and radionuclide release processes are described.
(Radio-)chemical and mineralogical properties of spent nuclear fuel
SNF is characterized by a large variety of mixed phase assemblages, a complex distribution of actinides, fission products and distinct structural heterogeneities that result from the fuel's irradiation history, the neutronics, the steep thermal gradient between the pellet's centre and periphery and the initial composition of the fuel. Transuranium elements, fission and activation products occur in many different forms in the spent nuclear fuel. Power ramping and other thermal excursions during reactor operation cause a coarsening of the grain size, extensive microfracturing and migration of fission gases and volatile fission products to grain boundaries, fractures, and the "gap" between the periphery of the fuel pellet and the surrounding cladding. Due to the configuration of the neutron energy spectrum in LWR, there is a higher density of epithermal neutron resonance absorption in 238 U nuclei at the radial outer edge ("rim") of the UO 2 fuel pellet, which results in a local enrichment in fissile Pu via Np decay and thus in higher local fission density [48, 55] . The local BU at the rim of the UO 2 pellet can be 2-3 times higher than the average pellet BU, depending on the specific irradiation conditions. This spatial increase of BU leads to a microstructure which is characterized by relatively high concentrations of 239 Pu, polygonization of the UO 2 grains and thereby a reduction in the size of individual grains.
This microporous structure was already observed in the early 1960's [56] and denoted as "rim structure" corresponding to the position where it was found [57] . In the 1980's there was a renewed interest in the properties of this high burn-up structure due to the increase of the number of irradiation cycles in commercial nuclear power plants. It was demonstrated that the structural changes of the peripheral UO 2 matrix are driven by the radiation damage caused by the accumulation of fission gases and of other fission products in the rim zone [58, 59] . The temperature threshold of the rim zone is 1100 ± 100
• C according to Sonoda et al. [59] . According to their chemical and mineralogical properties, Kleykamp et al. [60] established a classification for the fission products in SNF. In the past years, this classification has been differentiated further and complemented (see review of Ferry et al. [61] ).
-Fission gases (Kr, Xe) and other volatile fission products (Br, I and Cs, Rb, Te) which occur as finely dispersed bubbles within UO 2 -rich grains, in closed intra-granular and inter-granular bubbles within the fuel matrix [62, 63] , and are released to some extent into the plenum of the rod, the open porosity of the fuel and the pellet/cladding gap. 
Radiolysis of aqueous solution
Emission of strong α-, β-and γ -radiation from SNF to adjacent groundwater causes a radiolytical decomposition of the aqueous solution. Radiolysis of water in the near-field is accompanied by the formation of equimolar amounts of oxidizing and reducing species. With respect to primary radiolysis products, H 2 molecules and too less extent H radicals are the main reductants, whereas the main oxidants are H 2 O 2 (in a α-radiation field/high linear energy transfer, LET) and OH · radicals (in a β-and γ -radiation field/low LET) in aqueous solutions of low chloride concentration. In salt brines, H 2 molecules are the main reductants, whereas radiolytic oxidants are dominated by oxo-halogenides, such as HClO (both for high and low LET), OH − (for high LET) and Cl − 2 (for low LET) [67, 68] . Due to the relatively high reactivity of oxidizing radiolysis products, in particular H 2 O 2 or oxohalogenides, compared to the reactivity of the main reducing radiolysis product H 2 , essentially an oxidative environment is expected to result from the radiolysis in the close vicinity of SNF (e.g. [69] ). During the first few hundreds of years of disposal, a strong β-and γ -radiation field will be dominant. Afterwards β-and γ -emitters of SNF will have significantly decayed, whereas high inventories of long-lived α-emitters will persist for a much longer time span (e.g. [11] ).
Radiolytically produced oxidants are expected to oxidize the relatively stable UO 2 (s) matrix of SNF into much more soluble U(VI), as long as concentrations of inhibitors such as H 2 are sufficiently low. From reactor chemistry it is well known that radiolysis gases and especially hydrogen develop protective conditions against further progress of radiolysis in deionized water [70] [71] [72] . Besides an electrochemically controlled inhibition of SNF corrosion in presence of H 2 , a radiolytically controlled protective hydrogen effect with respect to inhibition of SNF corrosion is considered (see [73] and references therein). Various studies were dedicated to examine the influence of molecular hydrogen on the radiolysis of pure water [71, [74] [75] [76] [77] [78] [79] . To the present knowledge, a single reaction accounts for the influence of molecular hydrogen on radiolysis of aqueous solution:
Ultimately, this reaction converts oxidizing OH radicals into reducing H radicals. In a recent pulse radiolysis study, Kelm et al. [80] confirmed that H 2 interacts radiation chemically solely with the OH radical to produce oxidizing longlived radiolysis products. Though Br − is a minor constituent in groundwater of deep geological formations, it is present in a concentration range relevant for radiolytic processes, i.e. up to [25, 26, 83] . It is known from radiolysis of water that even low concentrations of bromide compete with hydrogen for oxidative radiolytic products and consequently reduces the inhibition effect of hydrogen on radiolytic decomposition [84, 85] . Results of α-and γ -radiolysis experiments as well as density functional theory calculations demonstrate (i) it is not the major constituent Cl − , but the presence of Br − traces that dominates formation of radiolytic species [68, 86] [85, 87] . Several reviews and synthesis reports about the radiolytical decomposition of groundwater in deep geological SNF repository and about the radiolytically conveyed UO 2 (s) corrosion were published in the past [50, 69, 73, [88] [89] [90] [91] . To predict the long term performance of SNF in a deep geological repository the mechanism of the involved radiolytical processes must be understood. This includes not only the processes in pure systems -such as deionized water or (diluted) NaCl solution -but also the influence of possible contaminants and of long lived radiolysis products on groundwater radiolysis (e.g. [67, 85, 87, 92] ).
Fast/instant release of radionuclides from spent nuclear fuel
The fraction of radionuclides which is segregated during irradiation to the pellet/cladding gap, fractures in the pellet and also to grain boundaries will be relatively quickly released after breaching of container as well as breaching of cladding and contact of aqueous solution with the SNF. This process is generally referred as Instant/Fast Release Fraction (IRF) and comprehends (i) a release from gap and fractures within a period of weeks and (ii) a slower release from grain boundaries during the first few months, which is still faster than release from the UO 2 matrix. Since these processes occur in parallel in leaching experiments, it is not evident to distinguish between the gap and fracture release from the grain boundary release [88, 89, [93] [94] [95] [96] [97] [98] [99] [100] [101] . Nevertheless, leaching experiments with powder samples have been conducted that determine, in principal, the IRF contribution associated to the dissolution of the grain boundaries [97] [98] [99] [100] [101] .
The degree of segregation of the radionuclides depends on various SNF properties, including those caused by the manufacturing process, in-reactor fuel operating parameters such as linear power rating, burn-up, fuel temperature, ramping processes, and interim storage time. Depending on these SNF properties, the IRF comprises few percent of the inventories of fission gases (Kr and Xe), other volatiles fission products ( 129 I, 137 Cs, 135 Cs, 79 Se) and segregated metals ( 99 Tc, 107 Pd, 126 Sn) [102] . Additionally, some of the activation products from the cladding and fuel assembly structural materials notably 14 C and 36 Cl, are considered to be subject to a fast release upon contact with aqueous solution.
The fission gas release (FGR) occurs by diffusion to grain boundaries, grain growth accompanied by grain boundary sweeping, gas bubble interlinkage and intersection of gas bubbles by cracks in the SNF [48, 103] . It is more corre-lated to the linear heat rating, which depends on the fuel temperature, than to the BU of the SNF [102, 104] . The conditions during irradiation ensure that linear heat ratings are kept low and the fission gas release is minimised. Vesterlund et al. [105] and Serna et al. [106] [109] . Similarly to the release of fission gases from PWR fuel, the FGR is less than 1% for BU below 40 MW d/(kg UO 2 ). For SNF samples with a BU of 50 MW d/(kg UO 2 ) FGR values of 2 to 5% were found [108, 109] .
A comprehensive review of IRF data derived from leaching experiments was carried out by Johnson et al. [102] . In an updated IRF assessment that was recently published [110, 111] , IRF values have been significantly decreased compared to the estimated values in [102] . However, these reviews and synthesis reports show that the database is scarce for irradiated UO 2 fuels with a BU above 45 MW d/(kg UO 2 ). González-Robles [101] performed leaching experiments with four high burn-up fuels irradiated in PWR and BWR at burn-ups of 48, 52, 60 and 53 MW d/(kg UO 2 ). For these types of SNF he quantified IRF values using cladded SNF pellets, determining a conservative contribution of the cladding/pellet gap and fracture release to the IRF, and quantified IRF values using powder samples, determining the contribution associated to the dissolution of the grain boundaries. The combination of experiments with cladded fuel pellets and those with powder samples allowed González-Robles [101] to distinguish between release from the cladding/pellet gap and fracture on one side and release from grain boundaries on the other side.
During the recent years investigations focused on the possible contribution of HBS to the IRF. Clarens and coworkers performed experiments with SNF powder samples prepared from the central and from the peripheral region of SNF pellets [100, 101, 112, 113] . Their results show unambiguously that the fast/instant release of various fission products from the central part of fuel pellets is higher than the release from the HBS enriched peripheral part. These observations are in agreement with experimental results of Roudil and co-workers [99] , who found a relatively low instant release fraction of Cs from the rim of a 60 MW d/(kg UO 2 ) SNF sample, compared to the best estimate values given in [110] . The results published recently by Johnson et al. [114] together with those mentioned above [99-101, 112, 113] , suggest that the radionuclides segregated into rim pores are isolated to some extent from the aqueous solution and that SNF matrix dissolution is required for its release. Still, there is no consensus how to define the IRF and to quantify the dependence of the IRF on SNF properties. The initial distribution of volatile radionuclides between the various microstructures in the fuel is not completely understood, in particular for high burn-up fuels.
Radionuclide release due to corrosion of the UO 2 matrix
The release of matrix bound radionuclides depends on the extent of UO 2 (s) corrosion, which is controlled by a competition between radiolytic oxidants and complexing species on one side and inhibitors on the other side. The decay of the SNF activity will lead in the long term to such a low radiation dose that radiolysis is expected to become unable to sustain oxidative dissolution. In the absence of oxidizing radiolysis products, U(IV) solubility controlled fuel matrix dissolution would dominate under the reducing conditions of the near-field. Whether or not radiolysis effects are detrimental to the stability of the SNF matrix depends to a large extent also on the time when the fuel container will fail. In case of container breaching at a stage, when the residual spent nuclear fuel inventory is still in the range of several tens to ten thousands of GBq/(kg UO 2 ), the UO 2 matrix dissolution and radionuclide release will be governed by radiolytically enhanced processes [111] . Most experimental studies that investigate the effect of activity on SNF matrix dissolution kinetics focus on "old" spent nuclear fuel, which is dominated by α-emitters (e.g. [97, [115] [116] [117] [118] [119] [120] [121] . Poinssot et al. reviewed the large experimental dataset and drew the following major conclusions on the SNF matrix dissolution kinetics [111, 122, 123] :
Spent nuclear fuel alteration rates decrease with decreasing α-activity except for the lowest α-activities for which the rate seems to be controlled by solubility of uranium phases and to be independent of the α-activity.
A specific activity threshold exists below which the α-radiation induced matrix dissolution is negligible. At this threshold there is a transition of radiation induced to U(IV) solubility controlled matrix dissolution.
The effective dose threshold is a purely empirical measure of the competition between oxidants production and subsequent matrix alteration on the one hand, and the consumption of oxidants by the other aqueous ions on the other hand. Based on experiments in deionized water, the activity threshold has been estimated to be in the range of 18-33 GBq/(kg UO 2 ) [111] . This α-activity range corresponds to spent nuclear fuel ages between 3500 and 55 000 years depending on the burn-up of the SNF.
As discussed above, high hydrogen concentrations will be achieved in the near-field of SNF due to anaerobic iron corrosion. Leaching experiments with SNF samples and non irradiated UO 2 (s) as well as radiolysis studies indicate that molecular hydrogen both impedes radiolytic decomposition of the diluted and saline solutions and considerably inhibits corrosion of the UO 2 (s) matrix [71, 73, 80, 85, 90, [124] [125] [126] [127] [128] [129] [130] [131] [132] . Fig. 2 shows an example of an experimental set-up for studying SNF dissolution under H 2 overpressure.
The beneficial inhibition effect of hydrogen on SNF corrosion was observed in leaching experiments with SNF, α-doped UO 2 (s) and so-called SIMFUEL samples in simple groundwater simulates (a summary is given in [73] ). These aqueous solutions contain only few constituents, mainly Na + , Cl − and HCO 3 − /CO 3 2− . Fig. 3 shows two SNF samples recovered from corrosion experiments conducted under Ar and H 2 atmosphere, respectively. While in the corrosion experiment under H 2 overpressure there are no hints for pre- cipitation of secondary U(VI) phases, the surface of the SNF sample corroded under Ar atmosphere is covered with metaschoepite (UO 3 : 2H 2 O(cr)).
The protective hydrogen effect is considered to be related to three different electrochemical, radiochemical and radiolytically driven processes [11, 73] :
-Catalytic reactions at the surface of ε-Ru(Mo, Tc, Rh, Pd) and/or other ε-particles; -UO 2 (s) surface controlled reduction of UO 2 2+ (aq) by H 2 in presence of corroding iron; -inhibition of the radiolytic production of oxidizing species (H 2 O 2 and OH ).
Leaching experiments with SNF and UO 2 (s) samples as well as electrochemical studies in diluted Na + -Cl − -HCO 3 − / CO 3 2− solutions demonstrate clearly a hydrogen inhibition effect mediated by Ru-Pd-Rh-doping and ε-particles [133] [134] [135] [136] [137] [138] [139] ]. An ε-particle surface mediated hydrogen effect depends on the availability of these particles and might be affected by "poisoning" of these noble metal alloys with dissolved sulfides present in the near-field, whereas a radiolytic driven hydrogen effect will be weakened by counteracting groundwater constituents, such as bromide.
Ollila et al. [126] measured dissolution rates of unirradiated UO 2 , α-doped UO 2 and SNF in presence of iron. In experiments without ε-particles they observed reduction of U(VI) to U(IV) due to the Fe 2+ and H 2 produced by iron corrosion. Similarly, Loida et al. [125] observed inhibited SNF corrosion in presence of corroding iron in NaCl brine.
Experimental observations regarding the protective hydrogen effect become considerably more complex when investigating interactions of H 2 with SNF/UO 2 (s) samples in groundwater simulates which contain minor constituents in addition to Na + -Cl − -HCO 3 − /CO 3 2− . In γ -irradiated 0.1 mol L −1 NaCl solution relatively low UO 2 (s) corrosion potentials were observed in presence of hydrogen compared to parallel experiments under argon atmosphere, indicating γ -radiolysis induced hydrogen inhibition of UO 2 (s) corrosion (see [73, 140] and references therein). In recent experimental studies, SNF dissolution and γ -radiation induced UO 2 (s) dissolution were studied at elevated hydrogen pressure in NaCl brine containing 10 −4 and 10 −3 mol Br − (kg H 2 O) −1 [87, 141] . Similarly to results from SNF dissolution experiment with hydrogen overpressure in absence of hydrogen, measured U concentrations were in the range of the respective solubilities UO 2 (am,hyd) at the end of the experiments [125, 129, 141] . The release rate of Sr was significantly increased in the presence of Br − traces. Both, in the γ -radiolysis experiments with Br − and without Br − , the UO 2 (s) sample was oxidized, and the concentration of dissolved uranium was controlled by precipitation of secondary U(VI) phases. Oxidation of UO 2 (s) in presence of hydrogen in the radiolysis experiments are related to the relatively high γ -dose rate in these experiments. Nevertheless, results of the complementary SNF corrosion and γ -radiolysis experiments allow the conclusion that Br − traces significantly reduce the protective hydrogen effect with respect to the release of certain radionuclides and the yield of radiolytic products. Published studies on dissolution of UO 2 (s) in presence of both hydrogen and bromide were conducted in high β − /γ -radiation fields, which are relevant to "fresh" spent nuclear fuels. Still, it is unclear whether bromide counteracts the hydrogen inhibition effect on dissolution of thousands years old SNF, which will be dominated by α-emitters after decay of major β − /γ -emitting fission products. Presently, it is not clear whether ε-particle surface mediated processes, radiolytic processes or the anaerobic H 2 /Fe 2+ production dominates the inhibition effect of hydrogen on SNF corrosion. Still, there is insufficient knowledge about the molecular mechanisms of the protective hydrogen effect on SNF corrosion [132, 141] .
Radionuclide retention by coprecipitation and sorption
The solubility of pure solid phases usually is considered as an upper limit for the radionuclide release from SNF. Under 'real' conditions, those concentrations can actually be much lower. Dissolved radionuclides when transported away from the source, may experience coprecipitation with secondary phases, redox reactions, and sorption to surfaces. A multitude of solid phases being formed in-situ or initially present in the near-field are conceivable to potentially trap and retain radionuclides and decrease their dissolved concentrations ( Table 1) . As UO 2+x is main constituent of SNF, secondary forming uranium phases hold as primary hosts for potential radionuclide coprecipitation. Such reactions have been mostly studied in oxidizing environments, which can be expected for radiolytic driven SNF corrosion. Na-polyuranates precipitates containing significant amounts of trivalent lanthanides, Mo, Ba and Th have been found in experiments with carbonate free U(VI) solutions (5 mol L −1 NaCl) containing simulated actinide and fission products at variable pH. Tetravalent actinides appear to form pure amorphous oxyhydroxide phases controlling their solubility. Trivalent lanthanides are assumed to form solid solutions with polyuranates [142] . Precipitation experiments with dissolved spent fuel show similar results [148] . Final concentrations of Am, Cm and Eu are lower than expected for the formation of the respective pure hydroxides. Kim et al. [143] confirmed those results in own coprecipitation experiments where trivalent lanthanides coprecipitated with various U(VI) hydroxide phases and distribution factors of around 10 3 ml/g are found. Based on crystallographic considerations it has also been shown that actinides in their different oxidation states can in principle be accommodated by U(VI) hydroxide and silicate host matrices [149] . For Np(V) this has been also evidenced by X-ray spectroscopy [150] . The long-lived fission product SeO 3 2− is able to replace silicate in secondary U(VI) silicates, while Tc(VII) can not be expected to form mixed solid phases with U(VI) minerals [144] . Metas- Table 1 . Potential radionuclide retention by coprecipitation with and sorption to solids being present in the near-field of a repository for spent fuel as primary and secondary phases (references are exemplary). 90 Sr, 137 Cs, and 99 Tc in significantly enriched amounts and thus can also be considered to contribute to fission product retention [152] .
As discussed before, in deep geological formations as planned for European repository concepts radiolysis driven oxidative dissolution will decrease significantly after several 10 000 years. The establishing reducing conditions amplified by hydrogen evolution from container corrosion will then inhibit SNF corrosion [145] and formation of oxidized uranium secondary phases will become irrelevant (see Fig. 1) . Only a few studies are available on the potential formation of coprecipitates of "reduced" secondary uranium phases. Rousseau et al. [146] investigated actinide coprecipitation with U(IV) oxide/hydroxides and found formation of Th y U 1−y O 2+x (s) and (U, La)O 2+x (s) type solid solutions exhibiting lower actinide/lanthanide solubility than expected for the respective pure phases. Whether those findings obtained in laboratory investigations are relevant for the long time evolution of a repository system is not clear. Indications that solid solutions composed of U, Th and Ln oxides are not restricted to laboratory studies are, however, available from natural analogue studies. Natural uraninite samples show highly variable contents of lanthanides, thorium and other elements (mainly Pb) [147] . It is moreover well known that uraninite forms continuous solid solutions with thorianite in nature.
SNF corrosion takes place in presence of corroding or already corroded barrier materials. Those consist in a first instance of corroding/corroded cladding and container material (consisting predominantly of Fe). For the concept of disposal in a thick walled container (e.g. POLLUX ® with a Fe mass of about 57 t) molar ratios lie at 40-50 : 1 for Fe-U and ∼ 1-2 : 1 for Zr-U. Container material is thus present in large excess over spent fuel. Anaerobic steel corrosion mainly produces magnetite as a finally stable mineral phase and thereby consumes H 2 O. Due to different densities of steel and magnetite, the volume of the container material increases by a factor of 1.54 as a result of corrosion and further reduces the available void volume in the near-field and thus the maximum volume of water which may have access. Corroding steel, therefore, fulfils various barrier functions: it reduces the void volume in emplacement cavities, consumes oxidants and water, ensures reducing conditions, and the generated corrosion products offer extensive reactive surfaces.
Experimental studies on spent fuel corrosion in the presence of corroding iron added as Fe powder [184] showed decreasing concentrations of various radionuclides in SNF leachate solutions notably those of the actinides Am, Cm and Pu. No influence is observed for fission products such as Cs. In case of corroding iron, more than 99% of actinides (except Np) and lanthanides are found associated either to container walls, iron corrosion products and to the SNF surface. In the presence of magnetite alone, more than 70% of the actinides U, Pu and Am were found magnetite-bound and only about 40% of Np. Experiments on the behaviour of uranium added as U(VI) in brine solutions in contact with corroding steel under anaerobic conditions show strong uranium association to solid phases most likely with magnetite after short time period [160] . Such integral studies demonstrate the retention capabilities of iron corrosion products (in particular magnetite), while they do not allow to differentiate between reaction mechanisms either surface sorption, coprecipitation or reduction.
Reduction is highly relevant for the redox sensitive radionuclides U, Np and Tc where poorly soluble tetravalent states establish and for Se where Se 0 or Fe-selenides/sulfides are formed [162, 169, 185] . In case of Pu tri-and tetravalent species may form depending on pH and total Pu concentration (see Fig. 1 ). Pu(IV) species prevail at high and trivalent species at low pH regions. Solid Pu(IV) hydrous oxide can exist in equilibrium with dissolved Pu(III) species up to pH=10 in presence of corroding iron powder [186] . The solubility of Pu thus increases steeply with decreasing pH. In a recent study, Kirsch et al. [163] found very low Pu concentrations in solution in contact with magnetite even though they proved the existence of trivalent species by XANES analysis. Low Pu(III) concentrations are nevertheless maintained by strong sorption to the magnetite surface. The extent of Pu reduction to Pu(III) in presence of Fe(II) was found to depend also on the nature of the final Fe(III) solid due to thermodynamic reasons. Reduction is clearly enhanced in the presence of crystalline goethite [161] .
Similarly the reduction of Tc(VII) to Tc(IV) [175, 176] and of Se(VI/IV) to Se 0 and Se −2 [187, 188] by Fe(II) containing solid phases have been reported and spectroscopically confirmed. In the case of Se mostly the formation of Se 0 ensures clearly reduced mobility. In addition, formation of FeSe x and Fe(S,Se) x phases was found [173, 189] . The potential reduction of U(VI) in presence of magnetite is discussed controversially in the literature [190] [191] [192] . Partly no reduction is found, partly the existence of intermediately forming U(V) species is reported. Such observations are usually related to the experimental conditions where even under anaerobic conditions at least partial surfacial oxidation of magnetite cannot be avoided. Complete reduction of U(VI) occurs for molar Fe(II)/Fe(III) ratios x being close to stoichiometric. Magnetite samples with x ≥ 0.38 reduce U(VI) to UO 2 , while solids with x < 0.38 do not [193] .Natural analogue studies suggest preferential attachment of uranium to iron oxide minerals as e.g. observed in mixed weathered mineral assemblages taken from Koongarra (Australia) and Oklo (Gabon) [194] .
Bruno et al. concluded that a number of trace elements including uranium are incorporated into naturally abundant Fe(III) oxi/hydroxides by an oxidation coprecipitation mechanism [195] . It is however clear that structural compatibility is an important prerequisite for incorporation reactions. In this sense the ionic radii of actinide ions (r VI (Pu(III)) = 1.00 Å; r VI (U(IV)) = 0.89 Å) are significantly larger than those of Fe (r VI (Fe(II)) = 0.78 Å; r VI (Fe(III)) = 0.785 Å [196] ). This does not mean coprecipitation is excluded entirely. But the induced lattice strains destabilize crystal stability and delimit solid solution formation to the level of trace impurities. Nevertheless, apart from the above mentioned natural analogue studies laboratory experiments revealed spectroscopic evidence for the possible incorporation of trivalent lanthanides into hematite (α-Fe 2 O 3 (s)) [197] . In case of Tc(IV) full compatibility of technetium with the hematite lattice exists with regard to ionic radii. Quantum chemistry calculations predict energetically favored Tc(IV) incorporation. It is thus not surprising that experiments resulted in Tc(IV) incorporation into the structure of Fe(OH) 2 and green rust phases [176] .
Fe 3 O 4 and ZrO 2 formed by total corrosion of a thick walled container (e.g. POLLUX ® ) and Zircaloy cladding material (∼ 3 t Zr) may offer a total amount of surface sites of about 8.8 × 10 3 mol >Fe-OH and 2.4 × 10 2 mol ≡Zr-OH. Site density data are taken from [156, 198] . Due to interaction of the Zircaloy cladding with hydrogen, formation of Zr hydrides (ZrH 2 , ZrH 4 ) will counteract to some extent any ZrO 2 formation (van Uffelen et al., 2010). To estimate the amount of Fe 3 O 4 , we assume a void volume of about 140 m 3 per container after a certain degree of compaction in the emplacement gallery backfilled with crushed rock salt (having an intermediate overall porosity of about 10%). These are typical data for a disposal concept in rock salt (Bollingerfehr et al., 2011) . Taking an upper limit for U(IV) solubility under reducing conditions including polymeric species of about 10 −6 mol/L U(IV), a total amount of 1.4 × 10 −2 mol uranium per container can dissolve which is about 5-6 orders of magnitude lower than corrosion product surface sites. Sorption at cladding and container corrosion products thus has to be considered as a relevant radionuclide retardation process.
Interaction of a number of radionuclides with magnetite surfaces has been studied and partly surface complexation constants are reported (see Table 1 and references therein). Strong sorption is in general found for tri-and tetravalent actinides but also for hexavalent uranium. Spectroscopic investigations reveal the formation of inner sphere surface complexes mostly bi-or tridentate. EXAFS studies suggest e.g. that Th(IV) binds to FeO 6 octahedra and FeO 4 tetraheda in a bidentate fashion [199] . Trivalent actinides such as Pu(III) sorb preferentially at the magnetite (1,1,1) plane as a trifold surface coordinated mononuclear species as concluded from EXAFS [163] . This latter finding fits into general observations of trivalent actinide interaction with oxide minerals (see e.g. [200] ). Only weak sorption of Cs on pure magnetite is found which however can increase somewhat if silicate is adsorbed. Adsorbed silicate exerts a bridging effect [171] . Simultaneously sorption of anionic radionuclide species e.g. selenite decreases slightly as a consequence of the competing silicate sorption [201] . All studies with magnetite have to be considered with care. Even under anaerobic conditions at least partial surfacial oxidation to maghemite (γ -Fe 2 O 3 (s)) cannot be excluded (see [193] ). We believe there is still research necessary in order to examine the real solid/liquid interface reactions of dissolved radionuclides with magnetite as a function of the Fe(II)/Fe(III) ratio.
Only a few experiments are reported on radionuclide sorption onto ZrO 2 . ZrO 2 is well known as inorganic ion exchanger and thus has been proposed for remediation purposes (e.g. [157] [158] [159] ). Sorption of alkali cations has been also performed in order to describe ion behaviour in the primary cycle of nuclear power plants (e.g. [202] ). Only Simoni et al. [156] investigated UO 2 2+ surface complexation on ZrO 2 and ZrSiO 4 by fluorescence spectroscopy and developed surface complexation constants in the context of nuclear waste disposal.
Radionuclide sorption onto near-field corrosion product surfaces must not necessarily reduce the source term for individual waste components. Whether this is the case depends on rates of water transport, container corrosion, SNF dissolution, secondary phase formation and sorption. Scenarios, thus, have to be examined carefully. Radionuclide interaction with corrosion products has been even discussed to possibly enhance SNF dissolution by exerting a pumping effect. Grambow et al. [145] concluded that under strongly reducing hydrogen atmosphere, matrix corrosion is very slow so that sorption and dissolution are decoupled and a pumping effect can be excluded. A preliminary simulation of the evolution of a SNF repository in clay rock by a reactive transport model, assuming diffusive transport only, showed that surface interaction with magnetite can have a significant retention effect for the release of actinides such as Am and to a much minor extent also for the retardation of Cs in silicate covered magnetite [203] . Magnetite is predicted to reduce uranium to form uraninite and thus prevents uranium release from the near-field. Similar conclusions have been drawn from a simple simulation of diffusive transport of uranium species through a 0.1 m thick magnetite layer [204] .
In addition to sorption and reduction of radionuclides by the container corrosion product layer surrounding the SNF, radionuclide retention will occur at the bentonite buffer and backfill material, which is planned in final disposal concepts for crystalline and argillaceous host rocks. It is well established that the sorption capacity of clay minerals within the geoengineered barrier and the surrounding natural clay eventually retain most of actinides and fission products. Similar conclusions can be drawn for cementitious barriers, as being discussed within the Belgian 'Supercontainer' concept for high-level nuclear waste [205] . Still open is the retention of some long-lived anionic activation and fission products [206] . At least in the presence of alterating cementitious phases, anionic radionuclide species such as 36 Cl − , 129 I − , 79 SeO 3 2− , and 14 CO 3 2− are reported to undergo significant sorption [181] . Portland cement and alterted cement will not only exist within the Belgian "Supercontainer" concept, but also as construction material in a clay rock repository; Mg(OH) 2 -MgCl 2 based Sorel concrete is foreseen to be present in a repository in rock salt in significant amounts as sealing material and plugs for tunnels. Within the frame of the present paper we do not discuss radionuclide interaction with clay minerals and cementitious material in detail and refer to the literature which is exemplary cited in Table 1 .
Conclusions
The present paper reviews the current state of knowledge on SNF corrosion in case of groundwater access to the waste form in a repository. A major research outcome during the last decade is the realization that in presence of corroding container material and simultaneous H 2 evolution strongly reducing conditions are established, which considerably influence the stability of SNF and the radionuclide behaviour in the near-field. A number of experimental evidences suggest virtually complete inhibition of UO 2 matrix corrosion in simple hydrogen bearing groundwater simulates. This protective hydrogen effect is related to catalytic or radiolytic activation of molecular hydrogen or related to direct suppression of oxidizing radiolysis products. The role of counteracting groundwater trace components such as Br − or catalytic poisons e.g. sulfide needs to be examined in more detail in order to validate the hydrogen effect. Recent studies confirm moreover strong radionuclide retention by interaction with secondary solid phases derived from SNF alteration but even more pronounced due to reduction, coprecipitation and sorption on container and cladding corrosion products. Mostly these retention processes are not sufficiently quantified and thus often not considered in performance assessment calculations. Such radionuclide retention mechanisms exerted by interaction with corroding materials represent a barrier function in addition to that of engineered barriers such as bentonite and/or cementitious phases. Open questions concern the apparent role of polymeric actinide species in solubility studies. Their potential mobility is not unequivocally ruled out even though filtering can legitimately be assumed in case of nanoporous rock such as clay. Significant retention of the long-lived fission and activation products 129 I, 36 Cl and 14 C in the near-field still has not be proven except in the presence of cement corrosion products.
